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ABSTRACT 
The Norse/Viking occupation of Greenland is part of a dispersal of communities across the 
North Atlantic coincident with the supposed Medieval Warm Period of the late 1st 
millennium AD. The abandonment of the Greenland settlements has been linked to climatic 
deterioration in the Little Ice Age as well as other possible explanations. There are significant 
dating uncertainties over the time of European abandonment of Greenland and the potential 
influence of climatic deterioration. Dating issues largely revolve around radiocarbon 
chronologies for Norse settlements and associated mire sequences close to settlement sites. 
Here we show the potential for moving this situation forward by a combination of 
palynological, radiocarbon and cryptotephra analyses of environmental records close to three 
‘iconic’ Norse sites in the former Eastern Settlement of Greenland – Herjolfsnes, Hvalsey and 
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Garðar (the modern Igaliku). While much work remains to be undertaken, our results show 
that palynological evidence can provide a useful marker for both the onset and end of Norse 
occupation in the region, while the radiocarbon chronologies for these sequences remain 
difficult. Significantly, we here demonstrate the potential for cryptotephra to become a useful 
tool in resolving the chronology of Norse occupation, when coupled with palynology. For the 
first time, we show that cryptotephra are present within palaeoenvironmental sequences 
located within or close to Norse settlement ruin-groups, with tephra horizons detected at all 
three sites. While shard concentrations were small at Herjolfsnes, concentrations sufficient 
for geochemical analyses were detected at Igaliku and Hvalsey. WDS-EPMA analyses of 
these tephra indicate that, unlike the predominantly Icelandic tephra sources reported in the 
Greenland ice core records, the tephra associated with the Norse sites correlate more closely 
with volcanic centres in the Aleutians and Cascades. Recent investigations of cryptotephra 
dispersal from North American centres, along with our new findings, point to the potential for 
cryptotephra to facilitate hypothesis testing, providing a key chronological tool for refining 
the timing of Norse activities in Greenland (e.g. abandonment) and of environmental contexts 
and drivers (e.g. climate forcing).  
Keywords: Greenland, Norse, tephra, palynology, radiocarbon  
 
1. Introduction 
The Norse/Viking occupation of Greenland was part of the spread of human communities 
across a largely uninhabited North Atlantic region. The colonizers came from Scandinavian 
homelands and, in part, from the British Isles, at times coincident with the supposed 
Medieval Warm Period of the late 1st millennium AD (Ingstad, 1966; Fitzhugh and Ward, 
2000; Dugmore et al., 2005). Although the initial date of settlement (landnám; ‘land-taking’) 
in Greenland is historically documented and accepted at AD 985 (Krogh, 1967), the date of 
abandonment by the Norse is less secure, as indeed are the reasons for the ultimate demise of 
European colonies. Climate is often implicated in this process – especially the Little Ice Age 
(Grove, 1988) – but many inter-related causes, both social and environmental, are likely to 
have been involved (Seaver, 2010; Dugmore et al., 2012; Massa et al., 2012). 
Archaeologically- and palynologically-related radiocarbon (14C) dates suggest that the 
Greenlandic settlement areas (Figure 1) ceased to be occupied by the end of the 15th century 
AD and this was certainly earlier in some areas (Arneborg et al., 1999; Edwards et al., 2011a, 
2013).  
Chronologies for Norse occupation sites in Greenland have been based totally on 
radiocarbon, biostratigraphic and artefactual dating (Gulløv et al., 2004; Edwards et al., 
2011a; Schofield et al., 2013). Pollen-analytical and other palaeoenvironmental approaches 
have been providing unprecedentedly detailed evidence for the nature and course of Norse 
settlement, particularly from organic deposits lying within or in close proximity to 
archaeological sites (cf. Edwards et al., 2008; Buckland et al., 2009; Golding et al., 2011; 
Bichet et al., 2013; Ledger et al., 2013). A recurrent issue, however, has been the availability 
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of suitable deposits for investigation and attendant dating problems. Mires located close to 
Norse ruin groups display a range of problems in that they are: (1) infrequent; (2) typically 
shallow with slow accumulation rates; (3) often hiatused; (4) commonly devoid of plant 
macro-remains other than rootlets; (5) subject to secondarily eroded inputs; and (6) rarely 
ombrotrophic. Lakes and ponds may provide an alternative, but allochthonous inputs and 
biological activity may impose dating constraints. Even the use of terrestrial macrofossils 
(e.g. seeds, bryophytes, charcoal) as opposed to bulk sediments has produced mixed results 
with frequent unconformable data, including age estimates that are clearly erroneous 
(Edwards et al., 2008; Edwards et al., 2011a; and see below).  
For Greenland, tephras have not been sought within such anthropogenically-related deposits, 
unlike the situation in Iceland where visible tephras are commonplace and are an 
indispensable part of high precision dating control (cf. McGovern et al., 2007; Erlendsson et 
al., 2009; Lucas, 2009). A potential solution to the dating issues for Greenlandic 
investigations is to examine deposits for distal cryptotephras (far travelled volcanic ash 
horizons not visible to the naked eye) to provide additional chronological markers. The 
discovery of a number of late Holocene volcanic ash layers in Greenland ice core records (cf. 
Grönvold et al., 1995; Mortensen et al., 2005; Coulter et al., 2012) and the presence of 
cryptotephra from Alaskan and other North American eruptions located in deposits in 
Newfoundland (Pyne-O’Donnell et al., 2012), provide strong indications that such tephra 
should be evident in terrestrial deposits in Greenland. The Norse colonizers were located 
within three areas on the southwestern coast of Greenland (the Eastern, Middle and Western 
Settlements; Figure 1) and consequently they offer the opportunity to test for the presence of 
far-travelled ash from a number of volcanic centres. Here we present the first attempt to 
detect and chemically characterise distal ash associated with Norse settlement sites in 
Greenland and to place them in the context of radiocarbon-dated palaeoenvironmental 
sequences. 
 
2. Sites and field methods 
Palaeoenvironmental results are presented from three ‘iconic’ Norse sites in the former 
Eastern Settlement of Greenland (Figure 2): Herjolfsnes, Hvalsey and Garðar (where the 
modern settlement of Igaliku now stands). These were apparently amongst the locations to be 
settled by the first wave of colonists arriving from Iceland in AD 985 (Seaver, 2010). Further 
details relating to the sites, and the samples taken at each, are provided below.  
2.1 Herjolfsnes 
Herjolfsnes features prominently in saga literature and has attracted the widespread attention 
of archaeologists, largely as a consequence of Poul Nörlund's (1924) excavation of the 
churchyard which revealed around 200 burials, of which some were so well-preserved that 
items of clothing still remained intact. The ruins at Herjolfsnes comprise 10 Norse buildings, 
including the third largest church in Norse Greenland, a banqueting hall, a presumed byre and 
barn complex, and various storage buildings (Arneborg, 2006). The exposed coastal position, 
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steep slopes, and an apparent lack of a good infield suggest that the site may not have been 
particularly well-suited for agriculture (Golding et al., 2011). It may have functioned largely 
as a trading post and was probably an important port of call for ships arriving in Greenland 
from Norway (Ingstad, 1966). In 2008, a short (~45 cm) peat monolith (Figure 2a) was 
collected from an eroding open section at the back of the beach ~30 m west of the churchyard 
wall (59°59’36.5’’N, 44°43’26.3’’W). The profile comprises a base of rounded (beach) 
cobbles overlain by a fibrous peat (45-17 cm) which becomes more humified towards the 
surface (17-13 cm). The peat is capped by an organic-rich sand (13-6 cm) and the modern 
root mat (6-0 cm). Oceanic heath dominated by Empetrum nigrum (crowberry) is the 
predominant local vegetation (plant nomenclature follows Böcher et al. (1968)).  
2.2 Hvalsey 
From an archaeological and historical perspective, Hvalsey is one of the most important sites 
in Norse Greenland. This fjord-side farmstead features the best preserved church ruins in 
Greenland. A marriage here in AD 1408 is the last event relating to the colony to be 
documented in historical records (Seaver, 2010). In addition to the church, ruins at the site 
include a dwelling with banqueting hall, storehouses, byre-barn complexes, and a horse 
paddock (Krogh, 1967; Arneborg, 2006). In 2004, a short (~30 cm) monolith was recovered 
from a shallow pit cut into a small (~10 m diameter) Sphagnum-Cyperaceae mire that is fed 
by a soakway ~90 m west of the banqueting hall (60°49’43.7’’N, 45°47’4.7’’W). The profile 
(Figure 2b) comprises a base of coarse sand overlain by a black, well-humified peat (26-13 
cm). This grades into a poorly-humified fibrous peat (13-2 cm) which is capped by the 
modern root mat (2-0 cm). Vegetation around the site is predominantly heavily-grazed 
graminoid heath. 
2.3 Igaliku 
Igaliku is the location of the former cathedral and episcopal residence of the bishops of 
Greenland. The site was excavated by Nörlund (1929) revealing structures that include an 
extremely large byre with barn in which, ‘there is room… [for] more than 100 cows’ (ibid. 
p.117), together with enclosures, sheep/goat pens, warehouses and a smithy. The site is also 
celebrated for its system of interconnected channels and dams that formed part of a medieval 
irrigation network (Ingstad, 1966; Krogh, 1967; Edwards & Schofield, 2013). This appears to 
have been integrated with a strategy of intensive manuring of the homefield in an attempt to 
boost hay yields and/or buffer against periods of drought (Buckland et al., 2009). In 2005, a 
short (48 cm) Russian core (Jowsey 1966; 8 cm diameter) was recovered from a cirque-like 
basin (~72 x 48 m) on slopes above the village (60°59’25’’N, 45°25’56’’W); the location 
designated as Dam IX by Edwards & Schofield (2013). The stratigraphy (Figure 2c) 
comprises a solid base overlain by a pale brown sandy-clay (48-41 cm) which grades into a 
clay-rich gyttja (41-27 cm). This is sealed by a dark brown fibrous and well-humified peat 
(27-0 cm). Plant communities around the site are a mixture of grazed Betula glandulosa-Salix 
glauca (dwarf birch-willow) low scrub and managed hayfields.  
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3. Laboratory methods 
3.1 Palynology and dating materials  
Pollen samples were prepared using standard procedures (Moore et al., 1991) including an 
HF stage plus the addition of an exotic marker (Lycopodium tablets) to enable absolute 
calculations. Residues were suspended in silicone oil (12,500 cSt) and each sample was 
counted using a Nikon E600 light microscope until a sum of 300 total land pollen (TLP) had 
been surpassed. Where present, microscopic charcoal particles were either measured by area 
(Herjolfsnes and Hvalsey) or tallied (Igaliku). Coprophilous fungal spores (van Geel et al. 
2003) were also recorded. 
Plant macrofossils used for radiocarbon dating were disaggregated from the peat matrix by 
standing overnight in a weak (<2%) NaOH solution. This was followed by gentle sieving 
(500 and 175 µm mesh sizes) and examination of the residues under a low power binocular 
microscope (8-30x magnification). Macrofossils were extracted from sieve residues using 
fine forceps and (prior to submission to SUERC) were stored in glass vials containing 
distilled water and a few drops of 10% HCl, and refrigerated. Where suitable plant 
macrofossils were unavailable, a small cube (~1 cm3) of peat was submitting for dating of the 
humic acid fraction. These peat samples were cut directly from the cleaned surfaces of the 
core/monoliths. 
3.2 Radiocarbon dating 
Nineteen samples were submitted for AMS 14C dating, consisting variously of the humic acid 
fraction of small (∼1 cm3) peat samples, seeds, bryophytes, bulked charcoal and wood 
fragments (Table 1). Pre-treatments were slight modifications of earlier methods (Stenhouse 
and Baxter 1983). Combustion of pre-treated samples was undertaken according to the 
method of Vandeputte et al. (1996). Approximately 20 mg of sample were weighed into a 
quartz combustion tube containing copper oxide as a source of oxygen and silver foil to mop 
up halides and other contaminants. he combustion tube was then evacuated, sealed and 
placed in a furnace at 850°C overnight. The CO2 produced during the combustion was 
cryogenically purified and a 3 ml sub-sample was converted to graphite for subsequent AMS 
measurement using the method of Slota et al. (1987). 14C measurements on graphite 
preparations were undertaken using a 250 kV Single Stage Accelerator Mass Spectrometer 
(SSAMS), manufactured by National Electrostatics Corporation. The SUERC laboratory uses 
SRM-4990C for all estimates of modern reference standard activity. Wheels of up to 134 
samples, including standards, are measured and since measurements of such large numbers of 
samples can last several days, samples are measured to completion in groups of 10 in only a 
few hours, with Oxalic acid II primary standards spanning groups for inter-group consistency. 
Each group of 10 samples contains: (i) one Oxalic acid II primary standard; (ii) one humic 
acid secondary standard of less than one half-life in age. This sample was used in two inter-
calibration exercises: C-14 Cross-check and the Fifth International Radiocarbon 
Intercomparison (VIRI); the consensus value from the former study is 3374 ± 9 y BP and 
from VIRI it is 3360 ± 3 y BP (Scott et al. 2010); (iii) either a modern secondary standard 
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material [Barley mash used in the Third International Radiocarbon Intercomparison (TIRI); 
the consensus value from this study was 116.35 ± 0.41 pMC (Scott et al. 2003)] or a 
background standard (interglacial wood, infinite age bone or geological carbonate depending 
on the type of unknowns being measured); and (iv) seven unknowns. Each sample is 
automatically repeatedly measured in intra-group rotation until the sample total counting 
statistics and the scatter of the repeat 14C/13C measurements exceeds a quality threshold of 
typically 3‰. 
 
At four levels from Herjolfsnes, paired duplicates based on different materials were also 
dated. Calibration of 14C age estimates was performed using the IntCal13 calibration curve 
(Reimer et al., 2013) and Calib 7.0 (Stuiver and Reimer, 1993; Calib, 2013). Calibration of 
post-bomb 14C samples was performed using the program CALIBomb (CALIBomb, 2013) 
and the Northern Hemisphere (NH) zone 1 dataset (cf. Hua and Barbetti, 2004).  
3.3 Cryptotephra analyses 
Samples covering the full peat profiles from the three sites were analysed for the presence of 
cryptotephra layers using a combination of ashing and heavy liquid centrifuge flotation with 
sodium polytungstate (SPT) and microscopic examination of floated and residue samples. 
Initial cryptotephra detection was conducted using rangefinder samples with contiguous 5 
cm-long sub-samples of the highly organic peat (5 cm3) ashed in a muffle furnace at 550 ºC 
for 2 hr (Pilcher and Hall, 1992). Ashed residues were also sieved between 80 µm and 15 µm 
to remove any coarse and fine minerogenic fractions. Sample cleaning and shard extraction 
used the heavy liquid centrifuge flotation method of Blockley et al. (2005) as adapted from 
Turney (1998). A 2.1 g/cm3 SPT flotation density cleaned the sample of tephra-mimicking 
biogenic silica such as diatoms and phytoliths. This density is slightly higher than that 
outlined in Blockley et al. (2005) and was necessary to remove a persistent diatom presence 
throughout the sequences. The peat also contained an appreciable mineral component 
probably deriving from wind-blown material. It was therefore necessary to use SPT 
centrifuge flotation (2.5 g/cm3) to float out the silicic cryptotephra glass shards from these 
heavier minerals. Floats were then mounted on glass slides and examined for the presence of 
cryptotephra shards using plane polarised light microscopy and cross-polarised light to 
discriminate glass from mineral grains. Rangefinders with the highest shard concentrations 
were then further sub-sampled at 1 cm contiguous intervals (1 cm3 volumes) and prepared in 
the same manner to determine the precise stratigraphical depth of maximal shard 
concentrations. In order to attempt to locate basaltic shards the >2.5 g/cm3 residues were also 
mounted on to slides and scanned for basaltic tephra. While painstaking this procedure has 
proven more successful in detecting basaltic shards in samples with very small shard 
concentrations than the magnetic separation technique described by Mackie et al. (2002). 
Glass shards were recovered from the organic peat for WDS EPMA geochemical 
characterisation. Ashing cannot be used to separate shards at this stage as geochemical 
alteration would occur (Dugmore et al., 1995). Samples were instead subjected to a variation 
of the Blockley et al. (2005) method with SPT centrifuge flotation at a density of 2.1 g/cm3. 
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Although rhyolitic shards (2.4-2.5 g/cm3; Turney, 1998) do not float at this density, the 
organic peat fibres will entrap shards as the rising float forms and thus prevent their 
separation. It was therefore necessary to retain the float in the tube and gently stir the sample 
between floatations in order to loosen the binding peat fibres, thus allowing shards to fall to 
the bottom of the tube. Care was taken to stir only the float and not the underlying column of 
SPT so as to avoid disturbing and re-entraining the heavier mineral component containing 
shards at the bottom of the tube. Up to four flotations in this manner were necessary to 
separate the majority of the shards from the fibrous peat matrix in the float. The float was 
then disposed from the tube on the final centrifuge run, followed by as many additional 
flotations (2.1 g/cm3) as necessary in order to remove any remaining visible organic fraction. 
Rhyolitic shards were then floated from the mineral component at a density of 2.5 g/cm3 and 
individual shards picked onto geochemistry stubs for sectioning and polishing. Where 
basaltic material had also been noted in residue scans from the rangefinder samples the > 2.5 
g/cm3 residue from the extraction for chemistry was also scanned for basaltic shards to 
attempt geochemical characterisation. 
Where shards were successfully extracted and mounted for geochemical analyses the tephra 
layers were then given individual site codes based on the site abbreviation (IGA for Igaliku 
and HVA for Hvalsey) and their depth in the profile. Geochemical analysis by WDS EPMA 
was conducted at the University of Edinburgh using a CAMECA SX 100 electron 
microprobe. Following Hayward (2012) the accelerating voltage was 10 kev, with beam size 
of 5 µm and 5 nA current. Secondary standards of Lipari obsidian and BHVO-2g basalt were 
run alongside the unknowns to verify probe operating conditions and to check for instrument 
drift and these are available as supplementary online data. 
 
4. Results 
4.1 Palynology 
Summary pollen diagrams for the sites are presented in Figure. 2. At Herjolfsnes (HJF) a rise 
in Poaceae pollen from c. 50% to in excess of 70% in HJF-2 indicates the expansion of 
grasslands and/or graminoid heath. This may herald the onset of landnám. The signature for 
human impact on the local environment becomes much stronger in HJF-3 (cf. Edwards et al., 
2011b), where an increase in burning is indicated through an expansion in microscopic 
charcoal (this might be derived, at least in part, from domestic sources; cf. Edwards et al. 
2008). There are also increases in Sporormiella-type (HdV-113) fungal spores. These are 
produced by a fungus that grows on animal dung (e.g. van Geel et al., 2003; Raper & Bush, 
2009). Increased representation in this context seems likely to indicate the introduction of 
domesticated herbivores (e.g. sheep, goats, cows). The disappearance of HdV-113 spores in 
HJF-4, together with substantial declines in Poaceae and microscopic charcoal, suggest the 
cessation of farming activity with the human abandonment of the site.  
At Hvalsey (HVA) the high Poaceae frequencies (c. 80%) in HVA-1, when combined with 
significant amounts of Rumex acetosella pollen (a Norse introduction; Schofield et al., 2013) 
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and microscopic charcoal, indicate that the base of the profile post-dates landnám. A decline 
in Poaceae pollen and microscopic charcoal in HVA-2 and continuing through HVA-3 – a 
similar pattern to that observed in HJF-4 – may indicate site abandonment.  
For Igaliku (IGA) the IGA-1/2 zone boundary shows a substantial decline in Salix pollen and 
the appearance and/or increase in key Norse indicators (e.g. Rumex acetosella and 
microscopic charcoal). A subsequent recovery in scrub vegetation (Betula and Salix) in IGA-
3 and a decline in R. acetosella are suggestive of a post-Norse landscape 
4.2 Radiocarbon dating 
Three of the paired samples (asterisked on Figure 2; cf. Table 1) from Herjolfsnes are 
statistically indistinguishable with those from the same levels, while the fourth pair (38.0-
37.0 cm) is virtually co-terminous (cal AD 779-1018 and 1019-1297). In addition, the 
similarity in 14C dates throughout the Norse period (as clearly determined palynologically – 
see above) renders the series of little use. The ‘modern’ dates towards the top of the profile 
may reflect a possible hiatus somewhere within HJF-4. 
The basal three 14C dates at Hvalsey do not represent a conformable series and the upper 
three dates are all modern (or conceivably so for SUERC-19849). The palynology strongly 
suggests that Norse settlement was already extant when the basal peat began to accumulate, 
while a hiatus exists around the HVA-3/4 zone boundary. The radiocarbon date at the base of 
the sequence (SUERC-19851), if accurate, indicates that organic sediment began to 
accumulate during the 13th century AD 
There are only two 14C dates at Igaliku. As indicated palynologically (section 4.1), the age 
estimates are consistent with a Norse period temporal spread for zone IGA-2. 
4.3 Tephrostratigraphy and tephrochronology 
Figure 2 shows the results of both the 5 cm rangefinder scans and the 1 cm point sampling of 
all three sites. At Herjolfsnes shard concentrations were very low and thus all samples with 
tephra were resampled at 1cm resolution. These again yielded very low shard concentrations 
that were deemed too low for extraction for geochemical analyses. At two depths in the 1cm 
sampling single basaltic shards were identified (1 shard at 38cm and one at 40cm) and an 
attempt was made to isolate shards from this depth for geochemical analyses but this was 
unsuccessful.  
The Igaliku profile suggested there was a background level of tephra deposition throughout 
the sequence. While this may be the result of reworking, it is more likely that this is due to 
the ~2000 year time period covered by the core and the number of potential eruptions that are 
recorded in the sequence. One sample (rangefinder 6) at a depth of 37-33 cm, yielded tephra 
concentrations of 55 shards in a 5 cm sample and this was re-analysed at 1cm to determine a 
peak. As shown in Figure 2, this peak is unimodal with maximum concentrations of 100 
shards cm-3 at a depth of 35 cm. This sample designated IGA35 was re-extracted and 
prepared for chemical analyses.  
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The Hvalsey profile covers a more recent timeframe and only revealed tephra in the upper 
rangefinder sample. This was analysed at 1cm resolution and yielded a distinct peak of 70 
shards cm-3 at a depth of 10 cm (HVA10). The tephra designated HVA10 was re-extracted 
using the protocols outlined in Blockley et al. (2005) and prepared for chemical analyses. 
The results of geochemical analyses of the two samples are displayed in Table 2 and 
summarised in Figure 3. The analyses of Igaliku tephra layer IGA35 produced major and 
minor chemistry for 16 vitreous tephra shards and the Hvalsey tephra HVA10 produced 
chemistry for 14 vitreous shards. Both tephra are sub-alkali rhyolites with SiO2 values of 73-
75 wt% and total alkali ranges of 7-7.2 wt% for HVA10 and SiO2 values 73-79 wt% and total 
alkali ranges of 5.5 to 7.8 for wt% IGA35.  
5. Discussion 
5.1 Palynology and radiocarbon dating 
At Herjolfsnes there is a clear palynological signal for Norse land use appearing in the 
profile, from an increase in grassland in HJF-2 through to a clear human footprint in HJF-3. 
Unfortunately the radiocarbon dates for Herjolfsnes do not form a consistent series. There is 
significant overlap in calibrated ranges across the 11th to 14th centuries AD in particular, 
which encompasses most of the general (conventional and accepted) timeframe for the Norse 
occupation of the Eastern Settlement. Thus, radiocarbon dating does not allow the precise 
timing of events to be determined  
As was the case at Herjolfsnes, non-sequential 14C dates at Hvalsey do not allow any 
statement about the precise timing of events. In HVA-4 and -5 there are small but distinct 
increases in pollen from dwarf shrubs and heaths (Betula glandulosa and Salix). The HVA-
3/4 zone boundary is not particularly sharply defined, but radiocarbon dates above this 
returned modern (post-AD 1950) age estimates. Consequently the profile seems likely to 
contain a hiatus. It is tempting to equate the ‘missing’ part of the profile with a standstill in 
peat accumulation caused by the reduced temperatures of the Little Ice Age, although this 
assumption cannot be proven in the absence of a refined chronology for the site. 
Radiocarbon dates suggest that the base of the organic part of the profile at Igaliku may 
extend back to ~400 cal BC. Assuming sediment accumulation was continuous thereafter, the 
profile should contain a Norse-age pollen record. This does appear to be the case. In this case, 
the timing of Norse abandonment (across IVA-2/3) based on the biostratigraphic evidence, 
and a radiocarbon date placed on this horizon (cal AD 1418-1618 [2σ]; SUERC-8376), 
appear to be in broad agreement (recalling that the conventional date for final abandonment 
of the Eastern Settlement falls inside the 15th century AD; cf. Berglund, 1986). 
5.2 Tephrochronology 
Tephra HVA10 is located above the position of a proposed hiatus at the HVA-3/4 boundary. 
On the basis of 14C dates from this site – notably the three dates above HVA-3/4 – the tephra 
should be relatively modern, probably dating to as recently as the 20th century AD. Tephra 
IGA35 (from Igaliku) is located in the centre of LPAZ IGA-1, and thus from the 
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chronological and radiocarbon discussion (above) pre-dates landnam (the IGA-1/2 zone 
boundary, on palynological grounds) possibly by several centuries. IGA35 may therefore date 
to a period before the first occupation of Greenland by Norse settlers and would certainly sit 
in the last 2400 years. 
These results suggest that both sites cover the period of Norse occupation and abandonment 
of the region, with Igaliku potentially going further back in time. We have thus used this 
chronological evidence to constrain our search for possible source tephra. In order to be 
broad in the potential geochemical matches for these two tephra, at least to volcanic centres if 
not to specific eruptions, we have compared the HVA10 and IGA35 tephra to reported 
eruptions from potential source volcanic centres, using electron microprobe major and minor 
oxide data from EPMA analyses covering the last 2400 years. Details of specific publications 
used for comparison are given in the captions for Figures 4 to 8.  
As demonstrated by Coulter et al. (2012), and based on cryptotephra studies of the Greenland 
ice cores, Icelandic volcanoes are likely to be a key source of tephra to Greenland in the late 
Holocene. This conforms to a pattern found in other studies of older time periods in the 
Greenland ice cores (e.g. Mortensen et al., 2005; Abbott and Davies 2012; Bourne et al., in 
press). Thus, we initially compared the HVA10 and IGA35 tephra chemistry to EPMA major 
and minor element data for Icelandic eruptions. We have used data from Tephrabase (Newton 
et al., 2007; http://www.tephrabase.org/) covering the last 2000 years, as well as Larsen et al., 
1999, 2001, 2002; Coulter et al 2012; Gudmundsdóttir et al. 2011, 2012, and Jennings et al. 
2014). The comparison with the Icelandic data is summarised in Figure 4. This suggests some 
similarities between HVA10 and IGA35 tephra and the reported Icelandic tephra data, but 
also some key differences. In Figure 4 a and b although there is some minor overlap between 
HVA10 and Icelandic data, FeO largely differentiates the tephra from an Icelandic source. 
The few points that do show some overlap are not from any particular Icelandic tephra. 
Tephra IGA35 is very different to the Icelandic source data, not only does it have much 
higher SiO2 values but as can be seen in Figure 4 b and c it is also differentiated on Al2O3, 
and has distinctly high TiO2 and MgO, which indicate that it has no affinity to any known 
Icelandic eruption. We have also compared our data to the Greenland ice core tephra for the 
same time period (Coulter et al., 2012). This is summarised in Figure 5 and again there is no 
similarity to the predominantly Icelandic tephra reported from this record. The nearest match 
is to the AD860 layer found in the Greenland Ice. This eruption has not been correlated to 
any Icelandic source, and it has been suggested that it correlates to the North American White 
River Ash, which has been found as a cryptotephra along the eastern seaboard of North 
America (Jensen et al., 2014; Pyne-O’Donnell et al., 2012).  
We therefore consider that IGA35 is clearly not an Icelandic tephra, being more evolved than 
reported Icelandic tephra and with no clear matches on a range of paired oxide ratios. While 
an unknown Icelandic tephra remains a possible correlative for the HVA10 tephra, we can 
find no immediate obvious Icelandic candidate for this. Given the similarity (although not 
exact match) between HVA10 and AD860B/White River Ash, we investigated a similar 
source for the Greenland tephra. The HVA10 and IGA35 geochemical data were compared 
with a database of major and minor element chemistries of the Wrangell volcanic field 
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(WVF), Aleutian Arc (AA) and Cascade and Newberry volcanoes (CA-NB) eruptions held 
by the University of Alberta. This is summarised in Figure 6 and the supporting information 
for this figure is available as supplementary information. The figure shows that IGA35, on all 
diagrams, has very little overlap with data from the Wrangells or Cascades, but plots within 
the field of the Aleutian Arc and this is investigated in more detail below. However, in 
consideration of the fact the Kamchatka tephra largely overlap with Aleutian tephra (c.f. van 
den Bogaard et al., 2014), it cannot be discounted that Kamchatka could be a source for 
IGA35. HVA10 overlaps with data from the Cascades in all diagrams, but also with the 
Wrangell field on some plots. However, when plotted with CaO, HVA10 plots more closely 
with the Aleutians and Cascades, with almost no overlap with the Wrangells. This suggests 
that the Cascades are the most likely source. This is also more likely considering the paucity 
of Holocene eruptions from the Wrangell volcanic field (e.g. Payne et al., 2008), but the high 
level of activity in the Cascades, in particular Mount St. Helens, to which HVA10 shares the 
most similarities.  
In order to explore potential correlations in more detail we have compared IGA35 to specific 
Aleutian tephra in Figure 7. In this figure IGA35 is very similar to Augustine's mid-Holocene 
eruptions (in particular Augustine I and Augustine C). Although there is no positive 
correlation to any particular event for which geochemical data is available, Augustine was 
quite active over this period and the lack of a clear correlation could be because proximal 
geochemical data for these eruptions are incomplete. Nevertheless the IGA35 tephra is a 
much more convincing correlative of products from the Aleutians than it is from Iceland. We 
also explored the HVA10 tephra correlation in more detail and Figure 8 summarises the 
similarity of this tephra to the later Holocene eruptions of Mount St. Helens. Geochemical 
data included in the figure are Wn (ca. AD 1480) of “Set W”, “Layer T” (ca. 1800) of the 
Goat Rocks eruptive period, and the 1980 eruption (Yamaguchi, 1983). As with IGA35 there 
is no clear correlation to a particular eruption in the St Helens data, although there is 
reasonable similarity to the St Helens Wn eruption. Also included for comparison is the ‘300 
cal yr BP’ event discussed by Payne et al. (2008), which has almost identical geochemistry to 
the White River Ash.  
For both the HVA10 and IGA35 tephra, there is no clear correlation to available geochemical 
data, but the geochemistry of these tephra are much more similar to known eruptions from the 
Cascade and Aleutian Arcs than from any reported data from Iceland or the Wrangell 
volcanic field.  
6. Conclusion 
This paper reports the first examples of distal cryptotephra found in Greenlandic sedimentary 
contexts (i.e. deposits other than ice cores). Our data suggest that at two important Norse sites 
in Greenland, cryptotephra are detectable within mire sediments with shard concentrations 
that are practicable for geochemical analyses. The results of geochemical analyses and 
preliminary comparison to Icelandic and North American products indicate that the Aleutians 
and the Cascades are the most likely source areas for the eruptions which generated these 
tephra, with the Augustine and Mount St Helens volcanoes being the probable candidates.  
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While this is an initial study, we view the results as important for several reasons. Firstly, the 
identification of two discrete tephra in sediments associated with Greenland Norse/Viking 
occupations sites, suggests significant potential for the future application of tephrochronology 
in resolving the chronological uncertainties associated with dating important 
archaeologically-related deposits and resolving the proposed relationship between Norse 
occupation of the region and late Holocene climate changes. Although we are not yet able to 
securely tie these tephra into dated eruptions, we are now in a position to demonstrate a proof 
of concept that distal cryptotephra could offer a significant advance in developing 
chronologies for these sites. Secondly, we have initially focused our efforts in deriving 
chemical analyses from the most abundant of the cryptotephra located within the Hvalsey and 
Igaliku sequences. There are, however, additional layers in both profiles that we will be able 
to investigate when new cores become available. Thirdly, and most excitingly, both of the 
tephra we have identified appear to correlate most closely to North American deposits and we 
have highlighted the two most likely source volcanoes. The Greenland ice core record 
suggests that there is potential for Holocene North American tephra to be deposited in 
Greenland (Coulter et al., 2012), with the Aniakchak tephra from Alaska reported in the mid 
Holocene (Hammer et al., 2003), the Mount Mazama ash recognised in the early Holocene 
(Zdanowicz 1999) and the White River Ash in the Late Holocene (Jensen et al., 2014). 
Nevertheless, the predominant source for Greenland ice core tephra is the Icelandic volcanic 
province (Abbott and Davies 2012; Davies et al., 2014). Our data suggest that in the 
southwest of Greenland it may be more common for tephra to be sourced from North 
American volcanoes, which also opens up the possibility of more North American tephra 
becoming a source for correlating between North America and the North Atlantic region.  
Finally, the application of cryptotephra studies to palaeoenvironmental sequences means that 
there is significant potential to include additional direct chronological information into 
palaeoenvironmental records that also contain proxies both for a human presence and an 
environmental response (to e.g. climate forcing). This may allow us to refine the chronologies 
associated with Norse activities in Greenland (e.g. abandonment) as recorded in 
palaeoenvironmental archives. We also note that cryptotephra investigations within Holocene 
deposits both in Greenland, the North Atlantic and eastern North America are at a relatively 
early stage. Full analyses of cryptotephra from the Greenland ice cores is not yet complete, 
and there is very limited research from the western North Atlantic or the North American 
mainland away from regional volcanic centres. It seems likely that the potential demonstrated 
here will lead to the incorporation of Norse palaeoenvironmental sequences into a regional 
tephrostratigrapic framework for correlating palaeoenvironmental transitions, as with the 
much more developed records from the eastern North Atlantic region. 
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Figure captions 
Figure 1: Locations of the three field sites within the Norse Eastern Settlement of southern 
Greenland featured in this study. Inset (top right): the Eastern (E), Middle (M) and Western 
(W) Settlements (boxed). Inset (bottom left): locations of major volcanic centres mentioned 
in the text, depicted relative to Greenland. 
Figure 2: Percentage pollen diagrams for the three field sites (A, Herjolfsnes; B, Hvalsey; C, 
Igaliku) displaying key selected taxa and associated proxies plotted against peaks in 
cryptotephra. Local pollen assemblage zones (prefixed HJF, HVA and IGA) are discussed in 
the text. For Herjolfsnes and Hvalsey, charcoal is presented as the ratio of charcoal to pollen 
concentration (C:P). For Igaliku, charcoal data are presented as percentages of particulates 
(calculated against the TLP sum). Radiocarbon dates are displayed using their 2σ (cal 
BC/AD) calibrated ranges. The vertical resolution (thickness) of each 14C sample is 1 cm. 
The asterisks at Herjolfsnes denote paired 14C samples (cf. Table 1). The shaded areas within 
local pollen assemblage zones HJF-4 at Herjolfsnes and HVA-3 at Hvalsey are possible 
hiatus levels. Tephra shard counts (shards cm-3) for the 5 cm rangefinder samples and 1 cm 
point samples are also shown. 
Figure 3: (a) Summary TAS (Le Bas et al., 1986) diagram for the IGA35 and HVA10 tephra 
samples indicating that both are highly silicic subalkaline rhyolites; (b) an AFM (Alkali, 
FeO* = total Fe as FeO, MgO) after Irvine and Baragar (1971) and (c) a biplot based on the 
alkaline/subalkanie division of MacDonald and Katsura (1964). 
Figure 4: Harker variation diagram of SiO2 against Al2O3, TiO2, FeOt and MgO wt% for  
IGA35 and HVA10 tephra against reported Late Holocene tephra from Iceland (data from 
Tephrabase and additional sources, Boygle 1994; Coulter et al., 2012; Dugmore et al., 1995; 
Pilcher et al., 1995, 1996; Oldfield et al., 1997; Hannon et al., 1998; Larsen et al., 1999, 
2001; 2002; Larsen 2000; Wastegard et al., 2001; Hall and Pilcher 2002; Wastegard, 2002; 
Gudmundsdottir et al., 2011, 2012; Jennings et al., 2014).  Only data from Iceland with SiO2 
values greater than 70 wt% are shown as this is below the minimum SiO2 concentrations in 
either IGA35 and HVA10. 
Figure 5: IGA35 and HV10 compared to tephra geochemical data from the Greenland ice 
cores (Coulter et al 2012) for the last two millennia. Squares = QUB-1528 (AD860B/White 
River Ash, eastern lobe); triangle = QUB-1052 (Öraefajökull, AD 1362/63); upside-down 
triangle = QUB-1004 (Katmai, AD 1912/13); grey cross = QUB-1303/04 (unknown, AD 
1364); blue cross (X) = QUB 1212/13 (unknown, AD 931): yellow cross = QUB-1539 
(unknown, 2300-2298 BC); star = QUB-1437 (unknown, AD 941/42); diamond = QUB-1425 
(unknown, AD 953/54) 
Figure 6: Harker diagrams of compiled data from the Wrangell volcanic field (WVF), 
Aleutian Arc (AA) and Cascade and Newberry volcanoes (CA-NB) in comparison to 
unknowns. Details on the sources for the data compilation are included in supplementary 
materials. Only data with SiO2 values greater than 70 wt% are shown as this is below the 
minimum SiO2  concentrations in either IGA35 and HVA10. 
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Figure 7: IGA35 compared with glass geochemical data from mid-Holocene eruptions from  
Augustine volcano. The data is limited to material over 74 wt%. Also included for 
comparison is NDN 260 (Pyne-O’Donnell et al., 2012), which was originally tentatively 
correlated to Augustine G, although new data suggests this is not the case.   
Figure 8: HV10 compared to the later Holocene Mount St. Helen's data. Geochemical data 
included in the figure are Wn (ca. AD 1480) of “Set W”, “Layer T” (ca. 1800) of the Goat 
Rocks eruptive period, and the 1980 eruption (Yamaguchi, 1983). Also included for 
comparison is the “300 cal yr BP” event discussed by Payne et al. (2008), which has almost 
identical geochemistry to the White River Ash. 
Table 1: Radiocarbon dates from Herjolfsnes, Hvalsey, and Igaliku. 
Table 2: Results of WDS-EPMA analyses of single shards from the IGA35 and HVA10 
tephra. See text for details of the EPMA operating conditions. 
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Table 1  Radiocarbon dates from sites in the Eastern Settlement of Greenland. Post-bomb 14C age estimates (marked *) show radiocarbon activity as a 
fraction of modern (F14C). HA = humic acid.  
 
Depth  Material   Lab code  14C yr BP  cal AD   13C 
(cm)         (±1)  (95.4% confidence)  (‰) 
  
Herjolfsnes 
17.0-16.0 Bulk peat (HA)   SUERC-24660  65±35   1689-1955  -26.7 
21.0-20.0 Twig    SUERC-24664  *1.1169±0.0047 1957-1999   28.6 
27.0-26.0 Charcoal fragments  SUERC-25010  825±55   1045-1280     – 
35.0-34.0 Charcoal fragments  SUERC-24665  1020±35  902-1150  -24.8 
35.0-34.0 Montia fontana seeds  SUERC-25012  975±100  780-1265     – 
38.0-37.0 Charcoal fragments  SUERC-24666  1105±35  779-1018  -24.3 
38.0-37.0 Montia fontana seeds  SUERC-24867  835±90   1019-1297     –     
42.0-41.0 Charcoal fragments  SUERC-24667  960±35   1018-1158  -25.0 
42.0-41.0 Bryophytes**   SUERC-24668  980±35   994-1154  -24.9 
45.0-44.0 cf. Betula bark fragments  SUERC-24669  925±35   1025-1185  -30.8 
45.0-44.0 Charcoal fragments  SUERC-24670  965±35   1016-1158  -25.3 
 
Hvalsey 
7.0-6.0  Sphagnum section  SUERC-19848  *1.0048±0.0040 1895 -1958  -23.8 
  Acutipholia leaves 
10.0-9.0 Sphagnum section  SUERC-19849  30±35   1694-1955  -24.0   
  Acutipholia leaves 
11.0-10.0 Bulk peat (HA)   SUERC-4319  *1.0336±0.0045 1955 2009  -29.5 
19.0-18.0 Charcoal   SUERC-19850  725±35   1224-1381  -24.0 
21.0-20.0 Bulk peat (HA)   SUERC-4320  460±35   1408-1482  -28.8 
25.0-24.0 Charcoal   SUERC-19851  740±35   1219-1296  -24.3 
 
Igaliku 
24.0-23.0 Bulk peat (HA)   SUERC-8376  430±35   1418-1618  -29.5 
41.0-40.0 Bulk peat (HA)   SUERC-8375  2230±35  384-204 cal BC  -29.1 
 
**Bryophyte stems, branches and leaves (Philonotis fontana, Calliergon cf. giganteum, Plagiomnium ellipticum) 
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Tephra SiO2 TiO2 Al2O3 FeO MnO MgO CaO Na2O K2O F Cl P2O5 SO2
HV10cm 75.0041 0.2265 14.9012 1.4654 0.1118 0.3873 1.6081 4.7417 2.4435 0.0274 0.1344 0.0645 0.0044
HV10cm 73.3415 0.2221 14.0949 1.5157 0.1125 0.4146 1.5679 4.58 2.4049 0.0424 0.1389 0.0436 0.0101
HV10cm 73.3844 0.2366 14.3363 1.5307 0.1036 0.3932 1.5766 4.8585 2.474 0.0166 0.1406 0.0544 0.0085
HV10cm 73.9126 0.2302 14.1104 1.261 0.097 0.3771 1.6351 4.6935 2.384 0.0311 0.1453 0.0581 0.0049
HV10cm 73.7306 0.2346 14.1603 1.4215 0.1015 0.3918 1.655 4.691 2.351 0.0288 0.1354 0.0652 0.0107
HV10cm 74.2128 0.2331 14.1744 1.5449 0.1062 0.4176 1.5988 5.1116 2.5029 0.0222 0.1395 0.0618 0.0154
HV10cm 73.1499 0.2274 14.2825 1.5954 0.1118 0.4245 1.5078 4.7988 2.3311 0.0108 0.1236 0.0634 0.0088
HV10cm 73.1741 0.2257 14.4544 1.3406 0.1069 0.3715 1.5206 4.7975 2.3814 0.0484 0.143 0.0536 0.0131
HV10cm 73.2844 0.2336 14.4003 1.5372 0.1078 0.4137 1.6288 4.9773 2.5159 0.0361 0.1411 0.0602 0.0094
HV10cm 73.808 0.2319 14.7167 1.5379 0.1125 0.4338 1.6416 4.6439 2.4343 0.0508 0.1415 0.0644 0.0143
HV10cm 74.6954 0.2326 14.5353 1.4083 0.1134 0.3733 1.4555 5.0616 2.4952 0.0257 0.1323 0.0655 0.0052
HV10cm 71.9725 0.2283 14.0811 1.5841 0.1089 0.4129 1.5493 5.3813 2.4401 0.0501 0.1432 0.0593 0.0205
HV10cm 72.7394 0.2277 14.6614 1.3101 0.1006 0.4794 1.6462 5.1922 2.6319 0.0449 0.1391 0.0561 0.014
HV10cm 70.7457 0.2376 13.435 1.387 0.0988 0.3804 1.6053 4.6813 2.2994 0.0476 0.1515 0.0629 0.0144
HV10cm 75.0234 0.2399 14.5201 1.5583 0.1067 0.4275 1.5562 0.0883 0.6831 0.0557 0.1426 0.0664 0.0188
IG35cm 76.0131 0.2232 13.424 0.8942 0.0493 0.2777 1.2688 4.5012 2.8012 0.0203 0.1129 0.0498 0.0176
IG35cm 76.1161 0.329 11.6452 1.6135 0.0755 0.281 1.6732 4.2206 1.6342 0.064 0.2869 0.0223 0.0098
IG35cm 75.3718 0.3196 11.2876 1.4994 0.0748 0.2714 1.6132 4.1582 1.7497 0.0655 0.2712 0.0196 0.0056
IG35cm 72.896 0.3107 13.407 1.4035 0.0398 0.3276 1.2691 4.6194 3.1433 0.0594 0.1269 0.038 0.0042
IG35cm 79.2559 0.3239 12.015 1.5133 0.0634 0.3034 1.626 3.8978 1.7547 0.0637 0.2844 0.0265 0.0082
IG35cm 78.514 0.3308 11.6382 1.6733 0.0652 0.3481 1.6248 4.1958 1.6315 0.0683 0.2806 0.0212 0.0038
IG35cm 77.4556 0.3248 11.9564 1.721 0.0712 0.2652 1.7281 4.2769 1.683 0.0944 0.2872 0.0274 0.0106
IG35cm 76.5893 0.3266 11.6072 1.6377 0.0735 0.2974 1.5437 4.2013 1.6404 0.0819 0.2763 0.0278 0.0134
IG35cm 73.5501 0.3016 13.5525 1.6466 0.094 0.484 2.198 4.2959 2.1672 0.027 0.2431 0.0496 0.0063
IG35cm 77.9308 0.3234 11.7809 1.6174 0.0734 0.3105 1.6763 4.2284 1.7623 0.0873 0.2784 0.0196 0.0125
IG35cm 75.6059 0.3011 13.9578 2.0495 0.1015 0.4615 2.1754 4.5961 2.0725 0.0242 0.2675 0.0482 0.0237
IG35cm 79.4592 0.3267 11.8707 1.7059 0.0657 0.2334 1.5848 3.5942 1.607 0.0763 0.2872 0.0214 0.0149
IG35cm 78.764 0.3293 11.6984 1.7044 0.0596 0.3052 1.6495 3.932 1.6709 0.0813 0.2574 0.0213 0.003
IG35cm 77.8671 0.3312 11.7477 1.5068 0.0633 0.2906 1.6302 3.6744 1.9682 0.0785 0.2871 0.0278 0.0103
IG35cm 77.4903 0.3153 11.7476 1.4606 0.063 0.2813 1.7081 3.9095 1.6592 0.0731 0.2875 0.0258 0.0207
IG35cm 75.7305 0.326 11.0744 1.622 0.0764 0.2781 1.5471 3.8542 1.6085 0.0717 0.2567 0.0177 -0.0038
Table 2
